Abstract. Precision agriculture involves very accurate farm vehicle control along recorded paths, which are not necessarily straight lines. In this paper, we investigate the possibility of achieving this task with a CP-DGPS as the unique sensor. The vehicle heading is derived according to a Kalman state reconstructor, and a nonlinear velocity independent control law is designed, relying on chained systems properties. Field experiments, demonstrating the capabilities of our guidance system, are reported and discussed.
Introduction
The development of guidance systems for agricultural vehicles receives more and more attention from researchers and manufacturers. The objectives and the motivations are numerous, since automatic guidance:
-reduces the work arduousness: for instance, achieving perfectly parallel runs when driving manually, is very tiring over hours. -allows the driver to fully devote his time to the monitoring and the tuning of the tool. This clearly can improve the quality of the agronomic work carried out. -insures an optimal work precision throughout the day and on the whole field, by minimizing double applied and skipped areas between successive passages. This enables the exact placement of field inputs (seeds, fertilizers, pesticides, . . .), and therefore reduces their cost. -allows to operate wider tools at higher speeds. Therefore it can increase productivity.
Many experiments have been conducted and reported in the literature. They can be classified into 2 categories, according to the kind of sensor to be used.
The first category uses relative information. Researchers have for instance investigated the video camera sensor (Debain et al., 2000; Khadraoui et al., 1998; Ollis and Stentz, 1997) . This approach proposes two kinds of difficulties: the first one is the reference extraction. Extreme conditions of dust, for instance, reveal the weakness of the detection side. The other problem arises when the new reference is computed in an iterative way from the previous one. The automatic guidance system can then lead to oscillations.
The second category uses absolute information. A recent technological development allows accurate 3D positioning of the vehicle in a field without the need for buried cables or field-installed beacons: the Global Positioning System (GPS).
DGPS (Differential GPS) were first used in agricultural applications in order to produce field maps. For instance, during the harvest, corn weight measurement devices are coupled with a DGPS in order to produce yield maps. DGPS can also be used to map the amount of seed, of pesticide or of fertilizer displayed on each field location.
State of the art CP-DGPS (Carrier Phase DGPS), also named RTK GPS (Real-Time Kinematic GPS), reach the realtime centimeter accuracy. This clearly allows the design and the implementation of an absolute vehicle guidance system. This technology can be used in special operations, in which the vision system is unable to proceed, for instance, in spraying or fertilizing operations with no visible markers such as boom wheel tracks or foam marks. Promising results have been reported in the literature: a GPS and a fiber optic gyroscope (FOG) have been used in Nagasaka et al. (1997 ), when O'Connor et al. (1996 has described a solution with multiple GPS antennas. Marketing of such devices has then followed almost immediately: the first commercial guidance system, relying on a CP-DGPS, and dedicated to agricultural use, has been introduced in 1997 by the Australian company AgSystems. This device, named BEELINE Navigator, consists in a GPS coupled with an Inertial Navigation System (INS). It has won a number of industry awards, and more than 100 guidance systems have been sold in Australia. AgSystems then entered into the U.S. market (California) in late 1999. This market is currently led by the U.S. company IntegriNautics. Their AutoFarm System makes use of 3 GPS receivers embarked on the tractor. Moreover, GPS systems suppliers as well as agricultural manufacturers are now also investing in this market: Trimble is selling the AgGPS Autopilot, relying mainly on their AgGPS 214 CP-DGPS, when manufacturer John Deere has established a partnership with the University of Illinois to develop a completely automated tractor using several sensors (GPS, vision, near infrared reflectance sensor) (Reid and Niebuhr, 2001) . John Deere is also co-working with Stanford University, (Bevly and Parkinson, 2000) . Similar approaches are under current development in Japanese universities, (Yukumoto et al., 2000) . These works and commercial products show clearly the relevancy of GPS guidance systems for agricultural applications.
Currently, these devices are mainly devoted to applications where the vehicles must execute perfectly straight lines (row cropping, harvesting, . . .) . Extending guidance systems capabilities in order that vehicles could also follow curved paths would be of practical interest (in order to achieve automatic half-turns, field boundaries following, . . .). In addition, it can be observed that most of the above-mentioned guidance systems make use of several sensors. Such an equipment is efficient since it provides control designers with the whole vehicle attitude, but is quite expensive. This paper addresses these 2 directions: our objective is to investigate the possibility to achieve curved paths following from a unique CP-DGPS sensor. Our experimental vehicle, depicted on Fig. 1 , is a farm tractor.
Preliminary results can be found in Cordesses et al. (1999 Cordesses et al. ( , 2000 . This paper proposes a comprehensive report on our work. It is organized as follows: the kinematic model of a farm tractor is first derived. Then, the problem of measuring the whole tractor state vector with a GPS as the unique sensor is addressed. Next, the design of a nonlinear, velocity independent, curved path following control law is detailed. Finally experimental results are displayed and discussed.
Farm Tractor Modeling

Modeling Assumptions and Notations
The aim of this section is to derive a farm tractor model from which a control law could be designed. Therefore, a compromise must be reached between:
-a model which finely describes tractor behavior, but whose complexity forbids control law design, -and a very simple model, easy to manage from a control design point of view, but which imperfectly accounts for tractor behavior.
Hereafter, modeling is derived according to the following assumptions:
A.1. A kinematic model is looked for. Control variables are the tractor velocity and the front wheels steering angle, A.2. The tractor and the tool are a unique rigid body,
